Early spring (March -April) rainfall in Taiwan exhibits evident and distinct inter-annual and inter-decadal variability. The inter-annual varibility has a positive correlation with the El Niño/Southern Oscillation while the inter-decadal variability features a phase change beginning in the late 1970s, coherent with the major phase change in the Pacific decadal oscillation. Rainfall variability in both timescales is regulated by large-scale processes showing consistent dynamic features. Rainfall increases are associated with positive sea surface temperature (SST) anomalies in the tropical eastern Pacific and negative SST anomalies in the tropical central Pacific. An anomalous lower-level divergent center appears in the tropical central Pacific. Via a Rossby-wave-like response, an anomalous lower-level anticyclone appears to the southeast of Taiwan over the Philippine Sea-tropical western Pacific region, which is accompanied by an anomalous cyclone to the north-northeast of Taiwan. Both circulation anomalies induce anomalous southwesterly flows to enhance moisture flux from the South China Sea onto Taiwan, resulting in significant moisture convergence nearby Taiwan. With enhanced moisture supplied by anomalous southwesterly flows, significant rainfall increases occur in both inter-annual and inter-decadal timescales in early spring rainfall on Taiwan.
INTRODUCTION
In spring (March -May) Taiwan is affected by two types of large-scale circulation patterns. The dominant climatic feature is northeasterly flows in early spring (March -April) changing into southwesterly flows in late spring (May). As such, rainfall in May is normally calculated together with rainfall in June. This rainy season is referred to as the Mei-yu season in Taiwan, which corresponds with the salient rainfall mechanism associated with Mei-yu stationary fronts (e.g., Chen 1994; Chen et al. 2010a ). On the other hand, major rainfall mechanisms are defined by the passage of frontal systems in early spring induced by the northeast monsoon (e.g., Chen and Chen 2003; Wang and Chen 2008) . Some research works have combined rainfall from February to April as spring rainfall (e.g., Jiang et al. 2003; Hung et al. 2004 ).
Significant rainfall in Taiwan usually occurs in summer due to the Mei-yu systems and typhoons. The associated rainfall characteristics and modulating processes have been broadly analyzed by many studies (e.g., Chen et al. 2005 Chen et al. , 2007 Chen et al. , 2010b Hung and Hsu 2008; Chen and Chen 2011; Chou et al. 2011) . In contrast, spring rainfall has drawn less research attention probably because of smaller rainfall amounts during this season than during typhoon and Meiyu seasons. It has been found that spring rainfall in Taiwan undergoes notable inter-annual and inter-decadal variability. This inter-annual variability is partially related to the El Niño/Southern Oscillation (ENSO) as ENSO extends its influence from the winter maximum phase into spring during its decaying phase. Jiang et al. (2003) found a positive correlation between the winter Niño-3 sea surface temperature (SST) and ensuing spring rainfall over western Taiwan in the period after the late 1970s. Chen et al. (2008) demonstrated that such a positive correlation is concurrent with an evident ENSO-Indian Ocean (IO) connection, featuring in-phase SST anomalies in the tropical eastern Pacific and eastern IO. During an El Niño phase an anomalous lowerlevel anticyclone can occur in the Philippine Sea to induce anomalous southwesterly flows from the South China Sea (SCS) onto Taiwan, leading to increased moisture supply and consequent spring rainfall in Taiwan. Over a longer timescale Hung et al. (2004) found the existence of interdecadal variability in spring rainfall for northern Taiwan. The rainfall amount tends to fluctuate in connection with the Pacific decadal oscillation (PDO; e.g., Mantua et al. 1997) , with more spring rainfall during a positive PDO phase and less rainfall during a negative PDO phase. Nevertheless, large-scale ocean-atmospheric processes modulating such inter-decadal rainfall variability have not been comprehensively delineated so far.
The above analyses suggest that rainfall variability during spring in Taiwan is likely systematically regulated by large-scale climate variability in the Asian-Pacific region, such as ENSO and PDO. The PDO is known as an inter-decadal phenomenon in the Pacific with a spatial pattern resembling ENSO, but a very distinct temporal scale (e.g., Zhang et al. 1997) . The PDO features two oscillating cycles of 15 -25 and 50 -70 years, while ENSO oscillates with a cycle of 2 -7 years (e.g., Minobe 1997 Minobe , 1999 An and Wang 2000) . Spatially, both PDO and ENSO exhibit a pair of reverse-polarity SST anomalies between the tropical eastern Pacific and the extra tropical North Pacific. The SST patterns are dominated by strong extra tropical PDO anomalies and strong tropical ENSO anomalies (e.g., Rasmusson and Carpenter 1982; Rasmusson and Wallace 1983; Philander 1989; Mantua et al. 1997; Zhang et al. 1997) . The PDO had a phase change around 1976 -1977 and this is connected with the most well-known abrupt climate change over the North Pacific during the late-1970s (e.g., Trenberth 1990) . It is characterized by strong tropical SST warming in the eastern Pacific (e.g., Nitta and Yamada 1989; Tanimoto et al. 1993; Yasunaka and Hanawa 2003) , showing an El Niño-like pattern.
Changes in large-scale climate should influence regional climate. Jiang et al. (2003) demonstrated that ENSO can affect spring rainfall in Taiwan via mid-latitude-tropics interactions. Chen et al. (2008) illustrated that ENSO can either enhance or weaken spring rainfall due to SST distributions in the tropical eastern Pacific and anomalous circulations in the tropical western Pacific, showing an asymmetric effect. Hung et al. (2004) found that SST anomalies in the central-eastern tropical Pacific and accompanying lowertropospheric circulation anomalies in the Philippine Sea are effective in modulating a 20 -30 years oscillation of spring rainfall in northern Taiwan. Both Jiang et al. (2003) and Chen et al. (2008) focused on the inter-annual variability, while Hung et al. (2004) focused on the inter-decadal variability. However, the similarity and discrepancy between the inter-annual and inter-decadal variability of spring rainfall in Taiwan have not been systematically investigated. Moreover, the inter-annual variability in spring rainfall previously analyzed corresponds to the ENSO index only, while inter-decadal variability corresponds to the PDO index only. In a different approach, this study uses early spring rainfall variability in Taiwan as the index to directly examine the associated large-scale regulatory processes. The main purpose of this study is to analyze early spring (March -April) rainfall in Taiwan with a focus on portraying and comparing its inter-decadal and inter-annual variability and associated large-scale regulatory processes. Major questions to be addressed are as follows:
(1) What are the major spatiotemporal features of inter-decadal and inter-annual variability in early spring rainfall in Taiwan? (2) What are the major large-scale processes associated with the aforementioned rainfall variability? (3) What is the major similarity/discrepancy between the large-scale inter-decadal and inter-annual rainfall variability processes? Answers to the above questions should help us better understand how large-scale climatic processes regulate local rainfall in the Asian-Pacific region. Such understanding is potentially useful for improving climate prediction in this region.
DATA
This study analyzes three datasets. Monthly rainfall records from 12 major meteorological stations over Taiwan (Fig. 1 ) are used to examine inter-decadal and inter-annual variability features of early spring rainfall over the island. The data were obtained from nine stations over the plain areas and three stations over mountains (Table 1) , with altitudes ranging from 2 -3844 m. Chen et al. (2008) based upon rainfall analysis from 10 stations to show that spring rainfall variability in Taiwan tends to be an island-wide pattern, with major variability features in northern Taiwan. As such, the 12 stations used in this study should be sufficient to delineate the variability patterns covering the Taiwan regions. Ocean climatic features are analyzed from the monthly extended reconstruction SST (ERSST; e.g., Reynolds 2003, 2004) , while atmospheric features are diagnosed from the Twentieth-Century Reanalysis (20CR) monthly data (Compo et al. 2011) . The 20CR data are hereafter referred to as the reanalysis data. The ERSST and reanalysis data are jointly used to examine large-scale regulatory ocean-atmospheric processes for local rainfall variability in Taiwan. The analysis period in this study spans from 1950 -2011.
CHARACTERISTICS OF EARLY SPRING RAINFALL VARIABILITY IN TAIWAN
The climatological (1950 -2011) mean for early spring rainfall accumulated from March to April in Taiwan is shown in Fig. 2a . Chen et al. (2008) demonstrated that the springmean circulation is characterized by a continental high over northern Asia and a Pacific subtropical high (PSH) centering in the subtropical eastern Pacific. The outer flows of the PSH over the western Pacific move warm and moist air along the southeastern coasts of China toward the open oceans south of Japan. These flows encounter cold air from the northeast monsoon from the north to result in frontal activities and rainfall across southeastern China and Taiwan. With frontal activity from the north, Fig. 2a shows that total early spring rainfall is larger over five plain stations in northern Taiwan (192 -349 mm) than four plain stations in southern Taiwan (66 -123 mm). It is also shown that rainfall over three mountainous stations is strong with amounts between 274 to 372 mm. To measure the rainfall variability intensity, root mean square (RMS) values for early spring rainfall during 1950 -2011 are computed and shown in Fig. 2b . The variability intensity is strong over mountainous stations, followed by northern plain stations and weak in southern plain stations. The spatial patterns of rainfall variability intensity resemble that of total rainfall.
To examine rainfall variability over the island as a whole, an index of early spring rainfall for Taiwan is represented by the rainfall mean from all 12 stations, shown as the dotted lines in Fig. 3a . The time series during the year of 1950 -2011 are shown as the dotted lines in Fig. 3a . The index time series have a long-term mean of 225 mm and various variability timescales. To specifically identify the major temporal early spring rainfall modes in Taiwan, the index time series are subject to power spectral analysis. As shown in Fig. 3b the 90% confidence level (dashed line) indicates two significant temporal modes with peaks near 7.8 and 2.9 years. The appearance of a 2.9-year peak reflects the partial impact of a largescale inter-annual climate feature on early spring rainfall in Taiwan, such as ENSO (e.g., Chen et al. 2008 ). The 7.8-year peak indicates the existence of a decadal-inter-decadal variability mode. Following the power spectral analysis results, early spring rainfall is thus separated into inter-decadal (larger than 7 years) and inter-annual (2 -7 years) components for analysis. The inter-decadal components are extracted with a 7-year-running process. The remaining components, computed by removing inter-decadal components from the total rainfall (total minus inter-decadal), are categorized as the inter-annual components. Hereafter, the inter-decadal and inter-annual components of variable A are denoted as A L and A W , respectively. As shown in Fig. 3c , the inter-annual rainfall ( P W ) time series has strong yearly variability. No recognizable inter-decadal fluctuations or trend are embedded in the interannual time series. The inter-decadal rainfall ( P L ) time series are shown in Fig. 3a (thick solid line). They are characterized by having a larger magnitude in the second-half time period than the first-half period, showing two different phases over time to form a noticeable inter-decadal oscillation. It is clear that the inter-annual and inter-decadal components of early spring rainfall in Taiwan are appropriately separated with the approaches used in this study.
INTER-DECADAL RAINFALL VARIABILITY AND LARGE-SCALE REGULATORY PROCESSES
To investigate major spatiotemporal characteristics of inter-decadal variability in early spring rainfall, the interdecadal rainfall components from Taiwan's 12 stations are subject to empirical orthogonal function (EOF) analysis. The first Eigen mode accounts for 78% of inter-decadal rainfall variance from these stations. The spatial variability (the first eigenvector, E1) in demonstrate that the first Eigen mode is representative of inter-decadal variability for early spring rainfall in Taiwan. The large-scale processes regulating inter-decadal rainfall variability are interpreted from the correlation patterns corresponding to the P L time series in Fig. 3a . The inter-decadal components of large-scale variables are extracted using the same processes as those used for early spring rainfall in Taiwan. To consider a reduction in degrees of freedom for the inter-decadal variables after running process application, the effective degrees of freedom used by Davis (1976) and Chen (1982) (Fig. 5b) . Meanwhile, convergent (positive X850) centers appear over the eastern Pacific and IO corresponding to positive SST anomalies. Both cold SST and large-scale divergent centers in the central Pacific act as tropical forcing to induce a Rossby-wave-like response (e.g., Matsuno 1966; Gill 1980 ) in S850 anomalies. As shown in Fig. 5c the response appears as a meridional pair of anticyclonic anomalies straddling the Equator to the west of the anomalous divergent center and a pair of cyclonic anomalies to the east. As such, an anomalous anticyclone is located to the southeast of Taiwan accompanied by an anomalous cyclone to the north-northeast of Taiwan. This pair of significant anticyclonic and cyclonic anomalies should exert major impacts on inter-decadal rainfall variability in Taiwan.
The atmospheric hydrological processes are the key factors in modulating rainfall variability. Three moisture variables are analyzed: vertically-integrated moisture flux
, where V is the horizontal wind vector, q is specific humidity and the vertical integral is from a given pressure level to p 0 = 1000 hPa), precipitable water (W), and moisture flux divergence ( V Q : d
). The correlation patterns of these three variables with respect to the P L time series are shown in Fig. 6 . The significant VQ M patterns in Fig. 6a reveal that major moisture flux paths extend northeastward from the SCS onto Taiwan. They are transported along the northwestern boundary of an anomalous anticyclone to the southeast of Taiwan over the tropical western Pacific. These VQ M anomalies cross Taiwan to merge with westerly VQ M anomalies along the southern boundary of an anomalous cyclone to the north-northeast of Taiwan. Excessive moisture flux from the SCS onto Taiwan intensifies atmospheric moisture content, leading to significant positive W O anomalies over the northern SCS and Taiwan (Fig. 6b) . The northeastward transport of moist and warm air from the SCS encounters cold air in the northern region. Frontal systems and accompanying significant moisture convergence (negative VQ : d M ) anomalies thus occur in the region extending from Taiwan into Japan (Fig. 6c) . Enhancements in moisture supply and moisture convergence around Taiwan correspond to significant inter-decadal increases in early spring rainfall in Taiwan. The most important process appears as a pair of lower-level circulation anomalies sandwiching Taiwan to maintain excessive moisture transport via anomalous southwesterly flows from the SCS onto Taiwan.
INTER-ANNUAL RAINFALL MODE AND REGULATORY PROCESSES
The inter-annual components of spring rainfall from 12 Taiwan stations are subject to EOF analysis. The first mode accounts for 76% of the total inter-annual variance. Its spatial patterns exhibit positive anomalies throughout the island with the strongest magnitudes over mountainous stations. Rainfall anomalies are stronger in northern Taiwan than southern Taiwan (Fig. 7a) . Its temporal variability, as indicated by the C1 time series in Fig. 7b , exhibits dominant year-to-year variability features. The C1 time series has a correlation coefficient of 0.92 with the P W time series in Fig. 3c . This mode is representative of the major inter-annual variability in early spring rainfall in Taiwan.
The associated large-scale processes regulating interannual rainfall variability are examined from the correlation patterns with respect to the P W time series in Fig. 3c . The inter-annual components of large-scale variables are extracted using the same processes applied to inter-annual rainfall components in Taiwan. The correlated SST patterns exhibit significant negative anomalies in the tropical central Pacific. They form a horseshoe-like pattern that surrounds significant positive anomalies in the tropical eastern Pacific. Consequently, significant centers of large-scale divergent (negative X850) and convergent (positive X850) anomalies appear in the central and eastern Pacific, respectively. The central-Pacific divergent anomalies extend from the extra tropics into the tropics and act as an effective tropical forcing to induce a Rossby-wave-like response in S850 anomalies. As shown in Fig. 8c a pair of lower-level anticyclonic circulations across the Equator is located to the west of the divergent center, while a pair of cyclonic circulations is situated to the east of the center. A significant anomalous anticyclone appears to the southeast of Taiwan, centering over the Philippine Seatropical western Pacific region. It is accompanied by an elongated anomalous cyclone across China and Japan. Taiwan is thus surrounded by an anomalous cyclone to the north and an anomalous anticyclone to the southeast.
In terms of hydrological processes, the above (a) (b) Fig. 7 . The first Eigen mode of inter-annual components of early spring rainfall in Taiwan: (a) the first Eigen-vector (E1), and (b) the first principal components (C1). This mode accounts for 76% of total inter-annual rainfall variance.
circulation anomalies affect Taiwan with significant southwesterly VQ M anomalies from the SCS onto Taiwan (Fig. 9a) . They are jointly transported by an anomalous anticyclone to the southeast of Taiwan and an anomalous cyclone to the north of Taiwan. Along with this moisture flux, significant positive W Y anomalies stretch from the northern SCS across Taiwan toward the northwestern Pacific (Fig. 9b) . The excessive moisture supply from the south encounters seasonal cold air from the north to result in significant moisture convergence (negative VQ : d W ) anomalies elongating from southern China toward Taiwan, leading to increases in early spring rainfall over Taiwan. The major large-scale mechanisms regulating the inter-annual variability in early spring rainfall in Taiwan appear as moisture processes induced by a pair of opposite-polarity circulation anomalies to the southeast and to the north of Taiwan.
COMPARISON OF INTER-DECADAL AND INTER-ANNUAL RAINFALL VARIABILITY
As revealed by the above analyses of SSTs, atmospheric circulations, and hydrological variables, inter-decadal and inter-annual variability in early spring rainfall in Taiwan and the associated large-scale regulatory processes exhibit some common features. These features are schematically illustrated in Fig. 10 . Increases in early spring rainfall are maintained by significant anomalous moisture fluxes to enhance moisture convergence near Taiwan. The increased moisture supply is carried by anomalous southwesterly flows (black arrow) from the SCS onto Taiwan. These flows are jointly induced by an anomalous anticyclone (AC) to the southeast of Taiwan and an anomalous cyclone (C) to the north-northeast of Taiwan. The anomalous anticyclone owes its existence to a Rossby-wave-like response of lowertropospheric atmospheric circulation to tropical forcing related to an anomalous divergent center (DIV) and cold SST anomalies in the tropical central Pacific. Meanwhile, warm SST anomalies appear in the tropical eastern Pacific. It is clear that early spring rainfall variability in both inter-annual and inter-decadal timescales in Taiwan is regulated by similar large-scale processes from the ocean-atmospheric system in the Asia-Pacific region. Regarding inter-annual variability, the most significant inter-annual feature in the Pacific is ENSO. The SST anomalies associated with inter-annual rainfall variability bear the signature of an El Niño pattern. As shown in Fig.  8a SSTs exhibit strong and elongated positive anomalies in the tropical eastern Pacific, which is surrounded by horseshoe-like negative anomalies in the central and western Pacific. The appearance of a lower-tropospheric anomalous anticyclone in the Philippine Sea (Fig. 8c) reflects remote impacts from ENSO on the East Asian climate (e.g., Wang et al. 2000; Wang and Zhang 2002) . The simultaneous correlation coefficient between the P W time series (Fig. 3c) and February -April Niño-3 SST time series constructed by the Climate Prediction Center (CPC) of National Oceanic and Atmospheric Administration (NOAA) is 0.28. This is statistically significant at the 0.05 level. This result suggests the ENSO events exert partial remote impacts on inter-annual variability in spring rainfall over Taiwan.
On an inter-decadal timescale, inter-decadal rainfall variability in Taiwan shows a phase change beginning in the late 1970s (Fig. 4a) . The associated SST anomalies feature strong SST warming in the tropical eastern Pacific and cooling in the extra tropical North Pacific and tropical central Pacific (Fig. 5a ), resembling the salient features of the PDO (e.g., Mantua et al. 1997; Gershunov and Barnett 1998; Hare et al. 1999; McCabe and Dettinger 1999; Meehl et al. 2009 ). The PDO is known for an inter-decadal phase change in SST anomalies during the late 1970s, coherent with the inter-decadal rainfall variability feature in Taiwan. The simultaneous correlation coefficient between the PDO index time series (constructed by the National Climatic Data Center, NOAA) and inter-decadal rainfall variability in Taiwan (Fig. 3a) is 0.61, with effective degrees of freedom around 11. This correlation is statistically significant at the 0.05 level. This suggests that inter-decadal variability in early spring rainfall in Taiwan has occurred in relation to the PDO evolution.
CONCLUDING REMARKS
This study analyzed inter-decadal and inter-annual variability in early spring (March -April) rainfall in Taiwan, with a focus on delineating and comparing the major spatiotemporal features and associated large-scale regulatory processes. The inter-decadal components of spring rainfall were extracted as the 7-year-running mean. The differences between total rainfall and inter-decadal components (total minus inter-decadal) were categorized as the inter-annual components. Observational rainfall from 12 Taiwan stations for the period of 1950 -2011 was subject to EOF analysis. The major inter-decadal (inter-annual) rainfall mode was examined from the first EOF mode, which is representative of the major inter-decadal (inter-annual) rainfall variability accounting for 78% (76%) of total inter-decadal (inter-annual) variances.
Rainfall variability on inter-decadal and inter-annual timescales exhibits distinct temporal features, but relatively coherent spatial patterns and large-scale regulatory processes. The inter-decadal rainfall variability features a phase change beginning in the late 1970s. For inter-annual rainfall variability, its temporal variability has a positive correlation with the ENSO SST index. Both inter-decadal and inter-annual rainfall variability exhibits stronger anomalies in the mountains than in the plains and in northern Taiwan than in southern Taiwan. For the coherent large-scale regulatory process features, increased rainfall in both timescales corresponds to positive SST anomalies in the tropical eastern Pacific and negative SST anomalies in the tropical central Pacific. These anomalous SSTs induce a large-scale divergent center in the tropical central Pacific which acts as a tropical forcing to cause a Rossby-wave-like response in the atmospheric circulation. An anomalous anticyclone thus appears to the southeast of Taiwan over the Philippine Sea-tropical western Pacific region, which is accompanied by an anomalous cyclone to the north-northeast of Taiwan. Taiwan is sandwiched between this pair of circulation anomalies and affected by anomalous southwesterly flows. These anomalous flows transport moisture from the SCS onto Taiwan. Excessive moisture supplies and enhanced moisture convergence around Taiwan lead to increased early spring rainfall for both inter-decadal and inter-annual variability in Taiwan.
Moisture flux by anomalous southwesterly flows associated with an anomalous anticyclone over the Philippine Sea-tropical western Pacific region is the key factor affecting early spring rainfall variability in Taiwan on both inter-decadal and inter-annual timescales. The appearance of an anomalous anticyclone over the Philippine Sea was found as a salient feature of El Niño (e.g., Wang et al. 2000; Wang and Zhang 2002) . After the late-1970s climate shift, inter-decadal components of early spring rainfall in Taiwan changed from a negative phase into a positive phase. Meanwhile, the large-scale climate anomalies exhibited a positive PDO phase, featuring an El Niño-like pattern (e.g., Mantua et al. 1997) . The above results reveal that an El Niño-like climate pattern on inter-annual and inter-decadal timescales provides favorable conditions for early spring rainfall to increase in Taiwan.
The inter-decadal variability in early spring rainfall changes into a negative phase in the early 2000s, as revealed by the C1 time series in Fig. 4b . Hartmann and Wendler (2005) showed that the positive PDO phase lasted for 25 years from 1977 -2001, and moved toward a negative phase in the early 2000s. As so, early spring rainfall in Taiwan is likely to recede following the phase change in the PDO. This tendency toward a drier spring climate after 2000 can be clearly seen in the inter-decadal time series of early spring rainfall in Fig. 2a (thick solid lines) . Given this condition, the PDO can be used as a potentially useful index for projecting inter-decadal oscillation in early spring rainfall in Taiwan. Such a projection plus the projecting of global warming on regional rainfall should be of help to water resource management in Taiwan when facing the impacts of extreme weather from future climate change.
